Novel one-dimensional (1D) nanostructures of rare earth complexes (europium methacrylate (Eu(MA) 3 )) have been prepared from the precursor of irregularly shaped Eu(MA) 3 powder in ethanol solvent without the assistance of an added surfactant, catalyst, or template. These hexagonal-shaped complex nanowires have diameters of about 100-300 nm and lengths ranging from tens to hundreds of micrometers. Nuclear magnetic resonance (NMR) spectroscopy, Fourier transform infrared (FTIR) studies and thermogravimetric analysis (TGA) show that the precursor powder and the resulting nanowires have identical compositions. Under UV light excitation, strong red fluorescence can be clearly seen throughout the whole wires. This good luminescence characteristic of the complex nanowires is further confirmed by the fluorescence spectrum where strong and narrow emission can be seen. These rare earth complex nanowires provide a useful source for 1D rare earth oxide materials, as the europium ions are distributed uniformly in the Eu(MA) 3 nanowires. Through calcination, the Eu(MA) 3 nanowires are successfully converted into Eu 2 O 3 nanotubes. X-ray investigation confirms that the Eu 2 O 3 nanotubes have a cubic body-centered structure. FTIR measurements and TGA analysis are used to follow the calcination process. A plausible mechanism responsible for the formation of Eu 2 O 3 nanotubes is presented.
Introduction
The discovery of carbon nanotubes has opened an exciting, intellectually challenging and rapidly expanding research field for one-dimensional (1D) nanostructures [1] [2] [3] [4] [5] . These systems, with high aspect ratio and two restricted dimensions, 4 Author to whom any correspondence should be addressed. not only offer opportunities for investigating the dependence of electronic transport, optical and mechanical properties on size confinement and dimensionality [6, 7] , but also play a crucial role in many fields, such as data storage [8] , advanced catalysis and optoelectronic devices [9] [10] [11] . Over the past several years, considerable efforts have been spent on the synthesis of various nanotubes or nanowires, such as semiconductors [12] [13] [14] , metals and alloys [15, 16] , oxides [17, 18] , chalcogenides [19, 20] , organic molecules [21] [22] [23] , polymers [24] and so forth [25] [26] [27] [28] . Among them, the 1D assembly of organic luminescent molecules offers a useful strategy for the construction of well-defined functional nanoscale materials that are potential candidates of active components in organic light emitting diodes (OLEDs), optical waveguides and various photoelectronic nanodevices, etc [29, 30] . Although a number of advanced techniques are capable of generating luminescent 1D nanomaterials, the development of practical methods for the fabrication of large numbers of functional 1D nanostructures at low cost is still a great challenge for future study.
Rare earth compounds have been extensively utilized as high-performance magnets, luminescent devices, catalysts and other functional materials based on the electronic, optical and chemical characteristics arising from their 4f electrons [31] [32] [33] . Most of these useful functions depend strongly on their composition and structure, which are sensitive to the bonding states of the rare earth atoms or ions. To reduce the size and dimensions of rare earth compounds will no doubt lead to new physical and chemical properties. More recently, a growing number of works have dealt with 1D-nanostructured rare-earth-compound-related materials, such as rare earth oxides and hydroxides [34] [35] [36] [37] [38] , phosphates [39, 40] and rare earth ion-doped materials [41, 42] , which show exceptional electrical or luminescent behavior. However, most nanowires reported to date are based on inorganic materials. Fewer studies have been performed on organic rare earth complexes, while they have high fluorescence efficiencies, narrow emission bands and excellent fluorescence monochromaticity, and they are applicable in a variety of areas such as light conversion materials, organic electroluminescent devices, optical microcavity emitters, etc [43, 44] . Recently, we have reported a facile strategy for the fabrication of lead methacrylate nanofibers through the judicious choice of solvent [25] . In the present paper, we extend this methodology to rare earth complexes for the synthesis of rare earth complex (europium methacrylate (Eu(MA) 3 )) nanowires from the precursor of irregularly shaped Eu(MA) 3 powder. Furthermore, high temperature calcination of the nanowires will change Eu(MA) 3 
Experimental details
Eu(MA) 3 powder was prepared by the reaction of Eu 2 O 3 and MA. Eu 2 O 3 (7.0 g) was added to a 100 ml three-necked flask containing MA (20 ml) and distilled water (20 ml). The reaction mixture was refluxed at 60
• C under constant stirring for at least 2 h to ensure the complete dissolution of Eu 2 O 3 powder. After filtration, the filter liquor was vacuum distilled to remove some of the water and the unreacted MA, and then the remainder was cooled to separate out the white powder of Eu(MA) 3 . The powder was collected by filtration and then washed with a small quantity of water. Finally, the resulting white powder was dried in a vacuum oven at 40
• C for 24 h.
Eu(MA) 3 nanowires were prepared by the following procedure. 0.3 g Eu(MA) 3 powder was added to a 50 ml beaker containing 60
• C absolute ethanol (50 ml). After sonication at 60
• C for 10 min, Eu(MA) 3 powder was dissolved entirely and the mixture turned into a clear solution. Then the beaker was put into a 60
• C water bath. After a while, a white suspended substance began to appear in the solution, indicating the formation of Eu(MA) 3 nanowires. About 12 h later, the white precipitates were collected by centrifugation and washed with absolute ethanol. Finally, the products were dried in a vacuum oven at 40
• C overnight. When heated in air at 600
• C for 1 h (the heating rate is 2 K min −1 ), the Eu(MA) 3 nanowires could be transformed into Eu 2 O 3 nanotubes.
The morphology of the Eu(MA) 3 nanowires was analyzed with a JEOL JSM-6700F field emission scanning electron microscope. Optical microscopy images were collected on an Olympus BX-51 microscope.
1 H NMR spectra were recorded in (CD 3 ) 2 SO using a Bruker AVANCE500 500 MHz NMR spectrometer. TGA were performed on a Netzsch STA 449C thermogravimetric analyzer. XRD data were collected on a Rigaku D/Max-2500 x-ray diffractometer using a Cu target radiation source. FTIR spectra were taken on an AVATAR 360 FTIR infrared spectrophotometer. Fluorescence measurements were performed with the help of a Shimadzu RF-5301 spectrofluorimeter.
The magnetization curves were measured with a superconducting quantum interference device (Quantum Design MPMS-7S SQUID) magnetometer at magnetic fields up to 50 kOe.
The luminescence lifetimes of Eu(MA) 3 nanowires were measured with a Lecroy WaveRunner 6100 digital oscilloscope (1 GHz) using a 390 nm laser (pulse width = 4 ns) from a Sunlite OPO(Continuum) pumped by a Nd:YAG PP-8000 (355 nm) as the excitation source.
Results and discussion
The preparation procedure of Eu(MA) 3 nanowires and Eu 2 O 3 nanotubes is illustrated schematically in figure 1. (I) The Eu(MA) 3 powder, which acts as the precursor for the preparation of Eu(MA) 3 nanowires, was synthesized by dissolution of the europium oxide in a hot aqueous solution of methacrylic acid, followed by crystallization of the methacrylate salt from the solution, and then drying in vacuum. The obtained powder was formulated as Eu(MA) 3 based on nuclear magnetic resonance (NMR) spectroscopy, Fourier transform infrared (FTIR) studies and thermogravimetric analysis (TGA). (II) Eu(MA) 3 powder was dissolved in ethanol by heating and ultrasonication, then Eu(MA) 3 molecules selfassembled into nanowires with hexagonal cross sections in this system. (III) When heated in air at 600
• C for 1 h, the complex nanowires were transformed into Eu 2 O 3 nanotubes.
The size and morphology of the Eu(MA) 3 nanowires were examined by scanning electron microscopy (SEM) and transmission electron microscopy (TEM). As shown in figures 2(b) and (c), the Eu(MA) 3 products consist of nanowires with diameters of 100-300 nm and lengths ranging from tens to hundreds of micrometers, in contrast to that of the starting Eu(MA) 3 powder ( figure 2(a) ). Investigation by magnified SEM image of the tip of the nanowires (inset in figure 2(c)) shows that the nanowires have hexagonal cross sections. TEM analysis provides further insight into the morphology and microstructure details of the Eu(MA) 3 nanowires. A typical TEM image of a single Eu(MA) 3 nanowire is shown in figure 2(d) with a high-magnification image shown in the top right inset. From this image, the hexagonal shape of the nanowires can be clearly identified. TEM investigation also reveals that the Eu(MA) 3 nanowires are homogeneous and the Eu elements are distributed uniformly in them. Patterns recorded by powder x-ray diffraction (XRD) suggest that the as-synthesized nanowires are crystalline, but the crystal structure is quite different from the precursor powder.
Although the morphology and crystal structure of the Eu(MA) 3 powder changed a lot before and after the treatment with ethanol, the chemical composition did not alter in this process, which can be verified by 1 H NMR spectroscopy and FTIR measurements. The 1 H NMR spectra as well as detailed peak assignments of the Eu(MA) 3 powder and the nanowires are shown in figure 3(a) . In the 1 H NMR spectrum of Eu(MA) 3 powder, the two signals appearing at 0.117 and 3.775 ppm, with an integral ratio close to 3:1, were assignable to the methyl protons (H a ) and H c of methacrylic acid, respectively, while the signal appearing at 3.308 ppm was attributed to H b of methacrylic acid. The 1 H NMR spectrum of the nanowires is quite similar to that of the powder.
1 H NMR analysis unambiguously shows that the powder and the nanowires have identical composition. It should be noted that no ethanol signals are observed in the 1 H NMR spectrum of Eu(MA) 3 nanowires, illustrating ethanol molecules just act as the solvent for the 1D nanostructure formation. They are not coordinated to the Eu atoms in the nanowire structures. The same chemical composition of the powder and the nanowires was further confirmed by FTIR spectra ( figure 3(b) ). In the FTIR spectra, the bands characteristic of the non-ionized carboxyl group disappear and new bands appear in the regions 1530-1458 and 1417-1371 cm −1 , which belong, respectively, to the stretching vibrations ν as (COO − ) and ν s (COO − ) of the carboxylate ion. The bands ν(C=C) in the FTIR spectra lie in the region of 1645 cm −1 . Although the exact mechanism for the formation of these wirelike nanostructures is not completely understood, we believe that the solvent plays an important role in this process, since we observed that, besides ethanol, the Eu(MA) 3 molecules also have the tendency to self-assemble into nanowires in many other monohydric alcohols (such as n-hexyl alcohol and pentyl alcohol). Self-assembling Eu(MA) 3 molecules into 1D structures represents a balance between molecular stacking and solubility. Self-assembly of the Eu(MA) 3 nanowires was performed through introducing Eu(MA) 3 molecules into a 'bad' solvent (such as ethanol), where the molecule has limited solubility (in our experiments, Eu(MA) 3 molecules were dissolved in ethanol with the aid of heating and ultrasonication) and thus self-assembly occurs via molecular stacking. Such a self-assembly approach takes advantage of the strong intermolecular interaction, which is enhanced in a solvent where the molecule has minimum interaction with the solvent. Similar methods have previously been used for self-assembling 1D nanostructures of macroaromatic molecules [45] . Figure 4 (a) illustrates the fluorescence microscopy image of the resultant Eu(MA) 3 nanowires.
Under optical microscopy, strong red fluorescence was seen throughout the whole wires under UV light excitation. Due to the strong scattering of light, the apparent diameter of the nanowires from fluorescence microscopy was much larger than their actual size estimated from SEM images. The emission spectrum of the nanowires shows the characteristic Eu 3+ emission when excited at 390 nm (inset in figure 4(a) Figure 4(b) shows the luminescence decay curve of the Eu(MA) 3 nanowires, and the inset plots the decay curve on a logarithmic scale [46] . The decay curve of Eu(MA) 3 can be fitted into a single-exponential function as I = I 0 exp(−t/τ ) (where τ is 1/e lifetime of the Eu(MA) 3 nanowires). The lifetime of the Eu(MA) 3 nanowires is determined to be 1.68 ms.
The as-synthesized rare earth complex nanowires should provide a useful source for 1D rare earth oxide materials, as the europium ions are distributed uniformly in the Eu(MA) 3 nanowires. Calcination of Eu(MA) 3 nanowires at 600
• C for 1 h resulted in the production of a white powder of Eu 2 O 3 nanostructures. As shown in figures 5(a) and (b) the calcined samples are composed of 1D nanostructures and the hexagonal shapes were maintained in great part (a low-magnification SEM image is shown in supporting information (available at stacks.iop.org/Nano/19/065607)). However, it is interesting to find that the nanowires had transformed from solid structures into hollow tubular structures with wall thicknesses in the range of 15-65 nm. The outer diameters of the Eu 2 O 3 nanotubes shrank by about 25% after calcination as compared with the starting Eu(MA) 3 nanowires. The tubular structure of the products was further examined by TEM. Figure 5(c) shows a TEM image of a typical Eu 2 O 3 tube with the diameter ca. 116 nm. From the TEM image (inset in figure 5(c) ) of a broken sample, we can see clearly that the tubes are actually hollow. Data obtained from the selected-area electron diffraction (SAED) pattern ( figure 5(d) ) prove that the Eu 2 O 3 nanotubes have a cubic body-centered structure. The phase purity of the calcined product was further examined by XRD measurement performed on a Rigaku x-ray diffractometer with Cu Kα radiation. All of the peaks of the XRD pattern in figure 6 can be readily indexed to the cubic body-centered structure of the Eu 2 O 3 phase with the cell parameter a = 10.86Å (JCPDS 34-0392).
In order to understand the mechanism for the formation of Eu 2 O 3 nanotubes, the calcination process was followed using FTIR measurements and TGA analysis. Figure 7 (a) shows FTIR spectra recorded from Eu(MA) 3 nanowires that had been calcined at various temperatures up to 300
• C. As the temperature increased, the peaks corresponding to carboxylate bonds (1530-1371 cm −1 ) and C=C bonds (1645 cm −1 ) gradually reduced in intensity until they almost disappeared around 300
• C. However, at this temperature, the peaks of methyl still remained at 2966 and 2927 cm −1 . It should also be noted that, two new peaks at 1083 and 478 cm −1 appeared, indicating the formation of an Eu 2 O 3 phase. FTIR studies illustrate that the decomposition of Eu(MA) 3 nanowires began with the reactions of polymerization and decarboxylation. This hypothesis was supported by the TGA curve ( figure 7(b) ) of Eu(MA) 3 nanowires, where two weight loss transition stages are observed. Approximately 26.5% weight loss was observed in the first stage in the temperature range of 220-300
• C, which corresponds well to the theoretical value of 26.53% by considering the loss of CO 2 gas generated in the decarboxylation process. The second weight loss of about 30.3% in the temperature range of 300-600
• C is attributed to decomposition of the residual organic parts in the nanowires, and is in good agreement with the theoretical value of 30.26%.
According to the above analysis, we propose a mechanism responsible for the formation of Eu 2 O 3 nanotubes. In the initial stage of heating, polymerization and decarboxylation took place. Volume shrinkage must occur in this process, since the outer diameters of Eu 2 O 3 nanotubes are smaller than those of the precursor Eu(MA) 3 nanowires. We believe that decarboxylation, a common reaction that often occurs in metal carboxylates, should be the key step for the formation of tubular structures. As we know, not only CO 2 gas but also Eu 2 O 3 phase was generated in the decarboxylation process.
Moreover, the outermost layer of the Eu(MA) 3 nanowire should first decompose to form Eu 2 O 3 . The outer Eu 2 O 3 layer formed in the early stage of decomposition (before 300
• C) could act as a solid oxide nanotube shielding the nanowire, which effectively prevented further shrinking. As heating continued, the Eu 2 O 3 generated inside the nanowires deposits on the existing Eu 2 O 3 layer and the thickness of the Eu 2 O 3 layer continuously increases. On the other hand, the expansion of the gas generated in the central core of the nanowires further accelerates the formation of hollow channels in the centers. The process eventually results in the formation of hollow channels in the centers. It is worth noting that these nanotubes are open at one or both ends. This enables the complete removal of the generated gas. The detailed formation mechanism of the Eu(MA) 3 nanowires and the derived Eu 2 O 3 nanotubes is still under investigation.
Conclusion
In conclusion, we have demonstrated the preparation of novel 1D nanostructures of rare earth complex (Eu(MA) 3 ) by a simple solution-phase approach without the assistance of any added surfactant, catalyst or template under mild conditions. To our knowledge, this is the first time that organic rare earth complex nanowires have been prepared. Calcination of the resultant Eu(MA) 3 nanowires successfully converted them into hollow Eu 2 O 3 nanotubes. One of the features associated with this work is that the synthesis of Eu(MA) 3 nanowires and Eu 2 O 3 nanotubes can easily be reproduced and scaled up. Although the present work has been mainly focused on Eu(MA) 3 and Eu 2 O 3 , we believe that the technique described here can be extended to many other methacrylates and their corresponding metal oxide or metal sulfide nanomaterials, that have a wide range of applications in catalytic, ultralight material, optical and electronic fields. 
